Immunophilins are defined as receptors for immunosuppressive drugs including cyclosporin A, FK506, and rapamycin. The cyclosporin A receptors are referred to as cyclophilins (CYPs) and FK506-and rapamycin-binding proteins are abbreviated as FKBPs. These two groups of proteins (collectively called immunophilins) share little sequence homology, but both have peptidyl prolyl cis/trans isomerase (PPIase) activity that is involved in protein folding processes. Studies have identified immunophilins in all organisms examined including bacteria, fungi, animals, and plants. Nevertheless, the physiological function of immunophilins is poorly understood in any organism. In this study, we have surveyed the genes encoding immunophilins in Arabidopsis genome. A total of 52 genes have been found to encode putative immunophilins, among which 23 are putative FKBPs and 29 are putative CYPs. This is by far the largest immunophilin family identified in any organism. Both FKBPs and CYPs can be classified into single domain and multiple domain members. The single domain members contain a basic catalytic domain and some of them have signal sequences for targeting to a specific organelle. The multiple domain members contain not only the catalytic domain but also defined modules that are involved in protein-protein interaction or other functions. A striking feature of immunophilins in Arabidopsis is that a large fraction of FKBPs and CYPs are localized in the chloroplast, a possible explanation for why plants have a larger immunophilin family than animals. Parvulins represent another family of PPIases that are unrelated to immunophilins in protein sequences and drug binding properties. Three parvulin genes were found in Arabidopsis genome. The expression of many immunophilin and parvulin genes is ubiquitous except for those encoding chloroplast members that are often detected only in the green tissues. The large number of genes and diversity of structure domains and cellular localization make PPIases a versatile superfamily of proteins that clearly function in many cellular processes in plants.
Immunosuppressive drugs cyclosporin A (CsA), FK506, and rapamycin are used clinically in transplantation to prevent graft rejection. During the course to understand the molecular mechanisms of immunosuppression by CsA, FK506, and rapamycin, the cellular receptors of these drugs have been purified and characterized (Schreiber, 1991; Fruman et al., 1994) . CsA binds to a family of receptors named cyclophilins (CyPs), and FK506 and rapamycin bind to a distinct set of receptors called . Cyclophilins and FKBPs are collectively referred to as immunophilins (Schreiber, 1991) .
The complexes formed by immunophilins and their cognate ligands are the functional modules for immunosuppression. The FKBP12-FK506 and CyPCsA complexes, but not their separate components, bind to and inhibit the activity of calcineurin, a Ca 21 , calmodulin-dependent protein phosphatase (Liu et al., 1991) . Studies have demonstrated that inhibition of calcineurin activity is necessary for the immunosuppressive effect of CsA and FK506 (Clipstone and Crabtree, 1992; Liu et al., 1992; O'Keefe et al., 1992; Rao et al., 1997) . The complex formed by FKBP12 and rapamycin targets FRAP (Brown et al., 1994) , RAFT1 (Sabatini et al., 1994) , or mTOR (Sabers et al., 1995) , a mammalian homolog of yeast TOR1 and TOR2 that is required for G1-S progression in the cell cycle (Heitman et al., 1991; Kunz and Hall, 1993) . FRAP belongs to a novel family of phosphatidylinositol kinase (PIK)-related kinases that are involved in a range of essential cellular functions, including cell cycle progression, DNA repair, and DNA recombination (Keith and Schreiber, 1995; Abraham, 1998) .
Identification of the functional targets (calcineurin and mTOR) have elucidated the molecular basis for immunosuppression by immunosupressants CsA, FK506, and rapamycin. Meanwhile, it also demonstrates a unique gain-of-function mechanism for immunophilins in the presence of their drug ligands. However, these studies have not addressed the cellular functions of immunophilins in the absence of immunosuppressive drugs. During the past decade, a growing number of immunophilins have been characterized not only from mammalian sources but also from other organisms ranging from bacteria to yeast to higher plants (for reviews, see Schreiber, 1991; Fruman et al., 1994; Luan, 1998) . The high level of conservation and ubiquitous distribution of immunophilins among divergent organisms and in almost all the subcellular compartments suggest that these proteins participate in important cellular processes.
Their attendant peptidyl prolyl cis/transisomerase (PPIase, EC 5.2.1.8) activity led to the suggestion that immunophilins facilitate protein folding in vivo. Evidence for this hypothesis is accumulating (Fruman et al., 1994; Brenner and Wainberg, 2001) . Several studies suggest that immunophilins play a role in protein trafficking (Patterson et al., 2000) . A genetic analysis shows that cyclophilin homolog NinaA in fruitflies (Drosophila melanogaster) is required for the transit of specific isoforms of rhodopsin from the endoplasmic reticulum (Stamnes et al., 1991) . It is not known if foldase/rotamase activity is essential for these trafficking processes. Other findings suggest that each member of immunophilins may have specific functions that may or may not be related to their function in protein folding process. For example, FKBP12 associates with and modifies the activity of Ca 21 -releasing ryanodine receptor in the striated muscle cells (Brillantes et al., 1994) . As a result, mutant mice without a functional FKBP12 develop cardiac defect (Shou et al., 1998) . Fkbp52 associates with interferon regulatory factor-4 (IRF-4) and the FKBP52-IRF-4 association inhibited IRF4-PU.1 binding to the immunoglobulin light chain enhancer as well as IRF-4-PU.1 transactivation in a PPIase activity dependent manner (Mamane et al., 2000) , providing a novel posttranslational mechanism of transcriptional control.
The FKBP family also includes a member called trigger factor that is found in all eubacteria analyzed and in the chloroplast of higher plants. Trigger factor is the major protein that cross-links to virtually all nascent chains of secretory and cytosolic proteins tested (Valent et al., 1995; Hesterkamp and Bukau, 1996a) . Sequence analysis and substrate specificity suggests that trigger factor contains a central domain belonging to the FKBP family (Callebaut and Mornon, 1995; Hesterkamp and Bukau, 1996b) . Besides the central PPIase domain, trigger factor has a ribosome binding domain at the N-terminal domain and its C-terminal domain may strengthen the binding (Hesterkamp et al., 1997) .
Another group of proteins that also possess PPIase activity but are otherwise unrelated with immunophilins are parvulins. A parvulin protein was originally found in Escherichia coli as a novel PPIase that consists of only 92 amino acids and is hence named parvulin (Latin: parvulus, very small; Rahfeld et al., 1994) . Later on, parvulin homologs were found in both prokaryotic and eukaryotic organisms like SurA from E. coli (Eisenstark et al., 1992) , Ess1/Ptf1 from yeast (Saccharomyces cerevisiae; Hanes et al., 1989; Hani et al., 1995) , and Pin1 from human (Lu et al., 1996) . Besides PPIase activity, the prokaryotic parvulins exhibit chaperonelike activities. SurA is located in the periplasm of E. coli and participates in the early stage maturation of outer membrane proteins (Lazar and Kolter, 1996; Rouviere and Gross, 1996) . Eukaryotic parvulins can be subdivided into two groups according to their substrate specificity: phospho-(Ser/Thr)-Pro moieties-specific and nonspecific type. PIN1 from human belongs to the first group and is essential for cell cycle regulation (Ranganathan et al., 1997; Yaffe et al., 1997) . PIN1-like parvulins have been identified as ESS1 in yeast (Hanes et al., 1989) , Dodo in Drosophila (Maleszka et al., 1996) , and AtPIN1 in Arabidopsis (Landrieu et al., 2000a) . Unlike its homologs, the plant PIN1 like protein does not have the conserved WW-domain that is believed to be required for the recognition of phosphoprotein substrates (Lu et al., 1999) . However, it still retains the phospho-substrate specificity and can complement yeast mutant lacking ESS1 (Landrieu et al., 2000; Metzner et al., 2001; Yao et al., 2001) . The activity of the other human parvulin, hPar14, is independent from substrate phosphorylation (Rulten et al., 1999; Uchida et al., 1999) . It was shown that phosphorylation of the N-terminal domain of hPar14 regulates its subcellular localization and DNA binding (Reimer et al., 2003) . The function of Arabidopsis parvulins is unknown, but a recent study indicated that it may be involved in auxin signaling (Dharmasiri et al., 2003) .
In an attempt to isolate meristem-specific genes, Gasser et al. (1990) isolated a highly abundant transcript from Arabidopsis encoding a cyclophilin. Presence of immunophilins was also supported by identification of CsA-and FK506-sensitive rotamase activity in plant organelles (Breiman et al., 1992) . Luan et al. (1993) unexpectedly found a CsA-and FK506-sensitive process in plant cells, suggesting presence of both CYPs and FKBPs in higher plants. Using immunosupressants as an affinity tool, multiple CYPs and FKBPs have been purified from various subcellular compartments in a higher plant (Luan et al., 1993; Luan et al., 1994a) . The most unique members of plant immunophilins are those that are localized in the chloroplast (Luan et al., 1994a) . Along the way to characterizing plant immunophilins, a number of cyclophilin genes have been characterized (Gasser et al., 1990; Lippuner et al., 1994; Luan et al., 1994b; Marivet et al., 1995; Chou and Gasser, 1997) . Among them, pCyPB/ROC4 encodes a chloroplast cyclophilin (Lippuner et al., 1994; Luan et al., 1994b) . The first plant FKBP-type immunophilin (FKBP15) was cloned from both Arabidopsis and fava bean (Vicia faba) and was shown to be located in endoplasmic reticulum (Luan et al., 1996; J. Ting and S. Luan, unpublished data) . There are at least two isoforms of FKBP15 in Arabidopsis and they are responsive to heat shock, consistent with the finding on the ER form of FKBP in yeast (Partaledis and Berlin, 1993; Sykes et al., 1993) . A cytosolic FKBP12 has been characterized from fava bean and Arabidopsis Xu et al., 1998) . High M r FKBP members have been identified from wheat (Triticum aestivum) and Arabidopsis (Blecher et al., 1996; Vucich and Gasser, 1996; Kurek et al., 1999) . These large FKBPs contain the putative domains for interaction with Hsp90, as reported for FKBP59 and CyP 40 in animals (Pratt, 1998) . Recent studies have begun to address the function of immunophilins in plants. An Arabidopsis mutant, pas1, displays abnormal developmental pattern. PAS1 gene was shown to encode a high M r FKBP (Vittorioso et al., 1998) . A cyclophilin 40 homolog has been shown to regulate development of leaf shape in Arabidopsis (Berardini et al., 2001) . Several plant cyclophilins interact with an endonuclease involved in T-DNA transfer from agrobacterium to host plant cells (Deng et al., 1998) . Disruption of AtFKBP42 gene function caused developmental defect (Kamphausen et al., 2002) . A chloroplast FKBP has been shown to interact with a photosynthetic electron carrier and affects the accumulation of the protein (Gupta et al., 2002) . As in animals, different members of immunophilins appear to play different roles in plants.
Recent completion of an Arabidopsis genome sequencing project revealed at least 52 genes encoding putative immunophilins and 3 genes encoding parvulin. Some of FKBP genes were surveyed before the completion of the genome project (Harrar et al., 2001) . Based on the complete genome sequence of Arabidopsis, we made a comprehensive analysis of all immunophilin and parvulin genes. Domain analysis categorized these proteins into single and multiple domain immunophilins. Expression pattern and subcellular localization of some representative members were analyzed and implicated in a complex spectrum of functions in plant physiology and development. This study provides crucial information on the structure, genomic organization, and expression pattern of the PPIase superfamily in Arabidopsis and sets the stage for functional analysis.
RESULTS AND DISCUSSION
Immunophilin Genes in the Arabidopsis Genome Using the BLAST programs to survey the Arabidopsis genome sequence database, we identified 52 genes encoding putative immunophilins. Among them, 23 genes encode FKBPs and 29 encode cyclophilins. Table I lists these genes with their names, accession numbers, molecular weight, potential subcellular localization, and other useful information. Arabidopsis encodes the largest immunophilin super family among organisms whose genomes have been completely sequenced. For example, yeast genome contains 4 genes for FKBPs and 8 for cyclophilins. The genome of Caenorhabditis elegans contains 8 genes for FKBPs and 16 genes for cyclophilins. Human genome contains 18 FKBPs and 24 cyclophilins (SMART). The large number of genes for immunophilins in plants indicates a diverse array of functions served by these proteins and this may also reflect significant degree of functional redundancy among the genes.
For the FKBP nomenclature, we adopted previously published rules that are rather consistent in studies on both animal and plant FKBPs. Generally the proteins are named FKBP with prefix letters to indicate species of origin (e.g. At for Arabidopsis) and a suffix number to indicate M r . In this study, we retained the names of published FKBP members in plants. These include regular names such as AtFKBP12 Xu et al., 1998) , AtFKBP15-1, AtFKBP15-2 (Luan et al., 1996) , and AtFKBP13 (Gupta et al., 2002) , and irregular names such as PAS1 and TWD1, which are named according to other circumstances such as phenotype of the mutants (Vittorioso et al., 1998; Kamphausen et al., 2002) . For newly identified genes in this study, they were named after the calculated M r of mature proteins predicted from cDNA-deduced sequences. The potential processing/cleavage sites were predicted using several programs as specified in ''Materials and Methods'' or were determined according to information from earlier proteomics analysis of thylakoid lumen proteins (Peltier et al., 2002; Schubert et al., 2002) . For proteins with similar M r , an extension number was added to the M r to distinguish them (e.g. AtFKBP15-1, AtFKBP15-2, and AtFKBP15-3). One gene encoding trigger factor-like protein was found in the Arabidopsis genome and named as AtTIG. Trigger factors are distantly related to the FKBP family (Callebaut and Mornon, 1995; Hesterkamp and Bukau, 1996b) .
Nomenclature for cyclophilins has been less consistent in previous studies. Earlier literature in animal systems used several different rules to name a cyclophilin. One way is to use CyP with prefix letters to indicate species of origin and suffix number to indicate M r (e.g. CyP40). Another way is to name a protein CyP with suffix letter to indicate the numbering system (e.g. CyPA, CyPB, CyPC, CyPD. . .). Studies in plants also adopted several naming strategies including those inherited from animal literature with some modifications (AtCyP40, AtCYP5, pCyPB; Luan et al., 1994b; Saito et al., 1999; Berardini et al., 2001 ) and a new strategy that names cyclophilins rotamase cyclophilins (ROCs; Lippuner et al., 1994; Chou and Gasser, 1997) . To streamline nomenclature of cyclophilins, we suggest here that cyclophilins, like FKBPs, are named after the abbreviation CYP with prefix letters to indicate species of origin and suffix numbers to indicate M r . Nevertheless, we retained the previously published names for comparison as shown in Table I .
Immunophilins consist of two families of proteins, FKBPs and cyclophilins, that show little sequence similarity between the members of the two families. In addition, the overall sequence similarity between the members within each family can range widely. The pair-wise analyses with the full-length protein sequences indicated that amino acid identity was between 10% (lowest) to 68.4% (highest) for FKBPs and 10% to 90.1% for CYPs. However, all members were characterized by the FKBP or CYP signature residues that form the binding pocket for CsA or FK506/rapamycin (Schreiber, 1991) . The FKBP signature is derived from the available structures of FKBP12 protein (Michnick et al., 1991; Van Duyne et al., 1991) and mutagenesis analysis (Aldape et al., 1992; DeCenzo et al., 1996) . It was found that the residues required for drug binding are highly conserved and most of these residues are essential for the rotamase activity (DeCenzo et al., 1996) . The conserved binding site is therefore used as the signature for FKBP protein identification. In a similar manner, the residues necessary for cyclophilin activity are highly conserved (Kallen et al., 1991; Zydowsky et al., 1992) and serve as CYP signature for identifying putative CYP members. The sequence alignment for AtFKBP and AtCYP family is shown in Figure 1 and Figure 2 , respectively. For comparison of the structural property, the human FKBP12 (hFKBP12) and CyPA (hCyPA) were included in the sequence alignments. The residues important for the drug binding and PPIase activity were marked. As AtTIG has only weak similarity to FKBPs, we did not include it in the sequence alignment. Among the FKBPs from Arabidopsis, the highest sequence identity is found between FKBP15-1 and FKBP15-2 (68.4%), and between AtFKBP62 and AtFKBP65 (68.1%). The residues shown to be critical for rotamase activity are very conserved among some of the AtFKBPs including the first six sequences aligned in Figure 1 . In most of FKBPs, some conserved residues are substituted by other residues. These substitutions may affect the drug binding and PPIase activity of FKBPs. In the AtFKBP42 sequence, 11 of the 13 conserved residues are changed, resulting in the loss of PPIase activity (Kamphausen et al., 2002) . Among the AtCYP members, the first 15 sequences aligned in Figure 2 are highly conserved. They are characterized by a seven-amino acid insertion between a2 and b3 compared with the archetype human CyPA except AtCYP20-2 and AtCYP20-3, two chloroplast located cyclophilins, which were referred as divergent-loop cyclophilin (Dornan et al., 1999) . In this 15-member group, proteins are highly conserved and have retained almost all the 13 conserved residues known to be critical for CYP activity (Pflugl et al., 1994) . In contrast, AtCYP26-2, AtCYP28, AtCYP37, and AtCYP38 are the most divergent cyclophilins that contain only a few (1-5) of the 13 conserved residues.
Genomic Organization and Phylogenetic Relationship of Arabidopsis Immunophilins
FKBP and cyclophilin genes are distributed on all five chromosomes in Arabidopsis (Fig. 3) . Chromosome III has the largest number of immunophilin genes (17) and chromosomes I, II, IV, and V contain 7, 8, 9, and 11 genes, respectively. The short arms of chromosomes II and IV do not have immunophilin genes. The FKBP and cyclophilin genes are rather equally distributed on each chromosome except for chromosome II that has seven cyclophilins but only one FKBP. As discussed earlier, immunophilins consist of a very diverse group of proteins and may have very different origins during genome evolution. The only genes that appear to be produced by genomic duplication of AtFKBPs are AtFKBP15-1 and AtFKBP15-2, and AtFKBP62 and AtFKBP65. Interestingly, AtFKBP15-1 and AtFKBP62 are organized in a tandem on chromosome III and AtFKBP15-2 and AtFKBP65 are organized in a similar manner on chromosome V. Because AtFKBP15-1/AtFKBP15-2 show high sequence similarity and AtFKBP62/ AtFKBP65 also resemble each other, we suggest that AtFKBP15-1/AtFKBP62 and AtFKBP15-2/AtFKBP65 are regional duplicates.
To further analyze phylogenetic relationships among Arabidopsis immunophilins, phylogenetic trees were constructed based on the alignments of AtFKBP and AtCYP protein sequences (Fig. 4, a and b) . In this analysis, full sequences were used for the single domain immunophilins and only the immunophilin domains were used for the multiple domain immunophilins. For FKBP members with multiple FKBP domains, only the most conserved FKBP domain was used for the analysis as shown in Figures 1 and 2 .
The AtFKBPs can be classified into three groups (Fig.  4a) . Group I contains eight FKBPs with diverse subcellular locations, including ER located AtFKBP15-1 and AtFKBP15-2, nuclear AtFKBP20-1 and AtFKBP72, cytosolic AtFKBP12, AtFKBP62, and AtFKBP65, and membrane anchored AtFKBP42. Among them four Names used in the literature and the references are: 1, Xu, et al. 1998; 2, Faure, et al. 1998; 3, Gupta et al., 2002; 4, Harrar et al., 2001; 5, Luan, et al., 1996; 6, Kamphausen et al., 2002; 7, Vucich and Gasser, 1996; 8, Vittorioso et al., 1998; 9, Chou and Gasser, 1997; 10, Hayman and Miernyk, 1994; 11, Deng et al., 1998; 12, Saito et al., 1999; 13, Jackson and Soll, 1999; 14, Berardini et al, 2001; 15, Lippuner et al., 1994; 16, Berardini et al., 2001; 17, Landrieu et al., 2000. b Arabidopsis Genome Initiative nomenclature. c Amino acid number of the full length protein/amino acid number of predicted mature protein.
d,e The M r and isoelectronic point of the full-length/mature protein were predicted by protein composition (http://www.up.univ-mrs.fr).
f Subcellular location: S, cytosol; ER, endoplasmic reticulum; SPP, secretory pathway protein without ER-retention signal; CSP, chloroplast stroma protein; TP, thylakoid lumenal protein; MP, mitochondrion protein; and N, nucleus. The location of some proteins were verified by other experimental methods.
g Arabidopsis thylakoid lumen proteomics, Peltier, et al., 2002. h Arabidopsis thylakoid lumen proteomics, Schubert; et al., 2001. i Chloroplast import; Gupta et al. 2002. j Green fluorescent protein-fusion; Carol et al., 2001. k Chloroplast import; Lippuner et al., 1994. l EST numbers found in the database, or no EST found but our data confirmed the expression indicated as Y (Yes).
are multidomain FKBPs that contain TPR repeats at their C-terminal region (see Fig. 5 and later discussion). Group II contains three nuclear FKBPs, including one single domain FKBP (AtFKBP15-3), two multiple domain FKBPs (AtFKBP42 and AtFKBP53) that both contain a C-terminal FKBP domain and a highly charged N-terminal domain. The last group contains the 11 thylakoid lumen FKBPs, including AtFKBP13, 19 , and 20. The thylakoid FKBPs constitute one-half of the Arabidopsis FKBP proteins.
The AtCYP can be clustered into four groups. Group I is the most complex and includes 16 members. This group can be further divided into subgroups. The subgroup I contains five cytosolic single domain CYPs without any significant N-or C-terminal extensions. Furthermore, these five members have similar genomic structures that do not contain introns. The high similarity in both protein sequences and genomic structures indicates that they may have originated from duplication. The only other Arabidopsis immunophilin gene without any intron is AtCYP26-1 that Figure 1 . Multiple sequence alignment of Arabidopsis FKBPs. Human FKBP12 (hFKBP12, GenBank accession no. A35780) was included for comparison. Amino acids of full length protein of single domain AtFKBPs were used for the alignment. Only the amino acids spanning the most conserved FKBP domain were used for the multiple domain AtFKBPs. The sequences used for the alignment were: amino acids 1 to 160 for AtFKBP42, 62, and 65; amino acids 237 to 378 for AtFKBP43; amino acids 350 to 477 for AtFKBP53; and amino acids 263 to 393 for AtFKBP72. The sequences were aligned using MegAlign followed by manual refinement. Consensus sequences (threshold 65%) were boxed and similar residues were shaded. Gaps (marked by dashes) were introduced to achieve maximum similarity. The amino acids necessary for rapamycin or FK506 binding as determined for hFKBP12 were marked by asterisks (*). The putative chloroplast/thylakoid targeting signal was manually adjusted around the double Arg or Lys-Arg residues (boxed). The hydrophobic stretches following the double Args were underlined. The a-helix and b-sheets derived from the hFKBP12 were shown. Only the amino acids spanning the CYP domain of the multiple domain AtCYPs were used. The amino sequences used for the alignment were: amino acids 1 to 200 for AtCYP40, 57, 59, 63, and 95; amino acids 201 to 461 for AtCYP37; amino acids 201 to 437 for AtCYP38; amino acids 301 to 595 for AtCYP65, and amino acids 401 to 631 for AtCYP71. The sequences were aligned using MegAlign followed by manual refinement. Consensus sequences (threshold 65%) were boxed and similar residues were shaded. Gaps (marked by dashes) were introduced to achieve maximum similarity. The amino acids necessary for CsA binding as determined for hCyPA were marked by asterisk (*). The a-helix and b-sheets derived from the hCyPA were shown. also belongs to Group I but has a unique C-terminal transmembrane domain. Subgroup II contains two chloroplast CYPs, one located in stroma (AtCYP20-3) and the other in the thylakoid lumen (AtCYP20-2). Subgroup III contains four secretary pathway CYPs, including AtCYP19-4, 20-1, 21-1, and 21-2. Three multiple domain CYPs, AtCYP40, 63, and 95, are predicted to be nucleus localized and form subgroup IV. The remaining two members of Group I are AtCYP22 (with an N-terminal extension) and AtCYP26-1 (with a C-terminal extension) that may be in the cytosol. Group II of the AtCYP family includes five cytosolic cyclophilins, two single domain cyclophilins AtCYP18-1 and AtCYP18-2, and three multiple-domain cyclophilins, AtCYP57, AtCYP65, and AtCYP71. The genes encoding the two single domain cyclophilins contain five and six extrons respectively, in contrast to those in the subgroup I of group I (with no intron). Group III contains six members with different subcellular locations. AtCYP21-3 and AtCYP21-4 are the only two Arabidopsis immunophilins that are predicted to be located in the mitochondria. The high similarity between both the precursors and the mature proteins of these two CYPs indicates that they may be generated by gene duplication. AtCYP37 and AtCYP38 are thylakoid lumen cyclophilins and are highly divergent AtCYPs. AtCYP37 can only be identified by the BLAST program using AtCYP38 as query. AtCYP23 (a secretary cyclophilin) and AtCYP59 (a nuclear multidomain cyclophilin) also belong to this group. Group IV contains two thylakoid lumen cyclophilins, AtCYP26-2 and AtCYP28. They are the most divergent AtCYPs. Only 1 to 3 out of the 13 residues important for PPIase and drug binding are conserved. targeting sequences at the N-terminal region and 2 AtFKBPs contain putative ER targeting sequences. It is interesting to note that all the predicted chloroplast FKBPs have typical thylakoid lumen targeting signal (see Fig. 1 ). Except for AtFKBP16-2, the presequence of all other chloroplast FKBPs is characterized by double Arg residues followed by a hydrophobic region common to lumen proteins that are translocated via the DpH pathway. The thylakoid lumen signal peptide of AtFKBP16-2 has Lys-Arg instead of double Arg and most probably go through the Sec-dependent import pathway. This suggests that all the chloroplast FKBPs are located in the thylakoid lumen. Several of these FKBPs were analyzed previously by chloroplast import and proteomics procedures. The localization of AtFKBP13 was determined by both import and chloroplast fraction followed by western blot. It was also shown that AtFKBP13 was imported into thylakoid lumen through the DpH pathway (Gupta et al., 2002) . Proteomics procedures designed to sequence all thylakoid lumen proteins uncovered several FKBPs including AtFKBP13, 18, 19, and 22 (Table I and references therein). As transit peptides from AtFKBP16-1, 17-1, 17-2, and 17-3 have similar structure to that of verified lumenal FKBPs, these FKBPs may also be located in the lumen. The predicted M r s of the mature proteins of the chloroplast FKBPs range from 13 kD to 20 kD. The chloroplast/thylakoid lumen targeting sequences in these FKBPs consist of 71 to 94 amino acid residues. The position of the last amino acid of the signal peptides is marked in the domain structure schemes (Fig. 5) . All the chloroplast FKBPs have their FKBP domain at the C terminus and possess a short N-terminal extension that are highly divergent among these FKBPs.
Besides chloroplast FKBPs that constitute a large fraction (50%) of FKBP family in Arabidopsis, other FKBPs were predicted to be located in the ER, nucleus, and cytosol. None of the FKBPs is predicted to be in the mitochondria although early studies suggested that FKBP-type rotamase activity and proteins were detected in the mitochondria (Breiman et al., 1992; Luan et al., 1994a) . It is interesting to note that the human FKBP38 was shown to be located in the mitochondria (Shirane and Nakayama, 2003) although such a feature is not predicted by its sequence. Thus, it is possible that the mitochondrial AtFKBP(s) exist but were simply not predicted by any of the programs used in this study. The ER-located proteins include AtFKBP15-1 and AtFKBP15-2 that possess a 25-amino acid signal peptide at the N terminus and an ER retention signal (KNEL and NDEL for AtFKBP15-1 and AtFKBP15-2, respectively) at the C terminus (Fig.  5 ). The nuclear FKBPs may include AtFKBP15-3, AtFKBP20-1, AtFKBP43, and AtFKBP53 that contain putative nuclear localization signal(s). The FKBPs without an identifiable targeting signal may be located in the cytosol. However, precise location of FKBPs cannot be confirmed without vigorous experimental work.
Seven of the AtFKBPs belong to multiple-domain members. Four of them including AtFKB42, AtFKBP62, AtFKBP65, and AtFKBP72, are characterized by a single (for AtFKBP42) or triple (for AtFKBP62, 65, and 72) FKBP-domain(s), the TPR domain, and putative calmodulin-binding domain. The domain structure of these four AtFKBPs resembles that of mammalian FKBP51/FKBP52 except that the mammalian FKBPs contain two FKBP domains (Callebaut et al., 1992) . The human FKBP51/52 are found in the steroid hormone receptor complex that also contains hsp90 and p23 (Smith et al., 1993) . The TPRs are degenerate sequences of 34 amino acids and are believed to serve as proteinprotein interaction modules (Goebl and Yanagida, 1991) . It is shown that mammalian hsp90 has a universal TPR binding region that can bind TPR containing proteins such as immunophilins, protein phosphatase 5, and p60 (Owens-Grillo et al., 1996; Silverstein et al., 1997; Barent et al., 1998) . The human CyP40, a TPRcontaining cyclophilin, also interacts with hsp90 (Ratajczak and Carrello, 1996) . The homolog of human CyP40, AtCYP40, is the only AtCYP that contains TPR domain and may bind hsp90. It has been shown that wheat FKBP73/77 with TPR domains can replace animal FKBP52 in forming a complex with human hsp90 (Pratt et al., 2001 ). Because hsp90 is highly conserved among eukaryotes, wheat FKBP73/77, AtFKBP62, AtFKBP65, and possibly AtFKBP72 may function by interacting with hsp90 in plant cells. Two of the multiple domain AtFKBPs are AtFKBP43 and AtFKBP53 that contain highly charged N-terminal domains in addition to a single FKBP domain in the C-terminal region. The highly charged domain may be involved in DNA binding and protein-protein interaction. Both proteins have predicted nuclear localization signals, suggesting a nuclear localization. The distantly related member of the Arabidopsis multiple-domain FKBP group is the trigger factor AtTIG. Like its homologs from eubacteria, AtTIG contains a central FKBP domain (271 amino acids-366 amino acids) located between the N-terminal ribosome binding domain and C-terminal domain that both help bind ribosome (Hesterkamp et al., 1997) . AtTIG was predicted to be located in the chloroplast stroma, consistent with the cyanobacterial origin of the chloroplast. It is noteworthy that trigger factor is only found in bacteria and in the chloroplast so far. The putative chloroplast trigger factor is encoded by the nuclear genome. Trigger factor is a ribosome-associated chaperone and is the first chaperone that encounters nascent peptides, as the trigger factor can be cross-linked with polypeptide chains just emerging from the peptide exit tunnel of the ribosome (Hesterkamp et al., 1996c) . Trigger factor and DnaK cooperate to promote proper folding of a variety of E. coli proteins. Deletion of either gene has no effect on viability at normal growth temperatures, but inactivation of both genes is lethal (Deuerling et al., 1999; Teter et al., 1999) . The importance of trigger factor is also emphasized by the fact that it is the only PPIase in Mycoplasma species (Bang et al., 2000) . The function of trigger factor in the chloroplast is unknown. But it may also function like its bacterial homologs in the protein synthesis and targeting processes.
Among the 29 cyclophilins, 21 are single domain members and 8 are characterized as multi-domain proteins (Fig. 6) . Unlike the FKBPs, none of the cyclophilins contains multiple catalytic domains. In addition, the functional domains in CYPs are more divergent. Besides the TPR domain that is also found in some of the AtFKBPs, some CYP members contain other functional domains such as WD-40 repeat, U-box domain, Zinc finger, and Leu zipper domains each of which is involved in protein-protein or protein-DNA interactions. A unique RNA recognition motif (RRM) that may interact with RNA was also found in AtCYP59. It is noteworthy that most of the multiple domain cyclophilins have Arg-or Lys-rich domains with unknown function.
The single-domain cyclophilins contain the cyclophilin domain and some of them have a signal peptide for sorting to different organelles. Interestingly, a number of CYPs were again predicted to be chloroplast proteins. These CYPs (total of six) all contain the typical N-terminal transit peptide for chloroplast import. Five of them including AtCYP20-2, 26-3, 28, 37, and 38 may be translocated into the thylakoid lumen as they contain the bipartite signal sequences for crossing both envelope and thylakoid membrane (Fig. 6 ). AtCYP20-3 (ROC4) is predicted and experimentally confirmed by import assay to be located in the chloroplast stroma (Lippuner et al., 1994) . The homolog of AtCYP38 from pea (Pisum sativum), TLP40, has been shown to be located in the thylakoid lumen and partition between thylakoid membrane and soluble lumenal fraction (Fulgosi et al., 1998) . It was shown that the association/dissociation of TLP40 from thylakoid membrane regulates the phosphorylation of photosystem II components (Vener et al., 1999) . The chloroplast (lumenal or stromal) localization of some of the predicted CYPs were also verified by chloroplast import, immunodetection and peptide sequencing efforts (Table I and references therein).
Two of the CYPs, AtCYP21-3 and AtCYP21-4, are predicted to target mitochondria. A mitochondrial cyclophilin (CyP-D) in animal cells modulates the mitochondrial permeability transition pore (MPTP) and plays a critical role in apoptotic and necrotic cell death (Connern and Halestrap, 1994; Crompton, 1999) . A similar process may exist in plants and the plant mitochondrial cyclophilins may be involved (Arpagaus et al., 2002) . The presence of mitochondrial cyclophilins was also indicated by the identification of CsA-sensitive rotamase activity and purification using CsA affinity column (Breiman et al., 1992; Luan et al., 1994a) . AtCYP21-3 and AtCYP21-4 contain very similar signal peptides of 47 amino acids and have highly homologous C-terminal cyclophilin domains.
There are five cyclophilins predicted to go through the secretory pathway. These include AtCYP19-4, AtCYP20-1, AtCYP21-1, AtCYP21-2, and AtCYP23. Unlike the ER-located AtFKBPs, these cyclophilins do not have a C-terminal ER-retention signal. Their exact location needs to be determined by further experiments. The AtCYP19-4 (CyP5) has been shown to be located in the ER by N-terminal green fluorescent protein fusion (Saito et al., 1999) . This protein displayed PPIase and protein refolding activities that were sensitive to cyclosporin A (Grebe et al., 2000) . Furthermore, AtCYP19-4 was suggested to modulate the function of an Arabidopsis protein GNOM, a guanine nucleotide exchange factor essential for vesicle trafficking in many organisms (Grebe et al., 2000) . Another secretory pathway cyclophilin is AtROC7 (Jackson and Soll, 1999) , which may regulate PP2A activity.
Several single domain cyclophilins are predicted to be cytosolic proteins. These include AtCYP18-1, AtCYP18-2, AtCYP18-3, AtCYP18-4, AtCYP19-1, At-CYP19-2, and AtCYP19-3. These proteins are highly conserved and may have similar functions. AtCYP18-3 was shown to interact with Agrobacterium VirD2, an endonuclease covalently bound to the 59 end of the T-DNA. Because T-DNA transfer is inhibited by CsA, CYP interaction with VirD2 may be important for agrobacterial infection (Deng et al., 1998) . AtCYP26-1 is another CYP predicted to be cytosolic. However, there is a potential transmembrane domain at the C-terminal that may serve as a membrane anchor.
Eight Arabidopsis cyclophilins have other functional domains in addition to the CYP domain and are characterized as multiple domain cyclophilins. AtCYP59 contains a N-terminal cyclophilin domain (amino acids 1-161) followed by an RRM region (amino acids 243-321), a putative zinc-finger motif (amino acids 342-355), and a highly charged C-terminal domain (amino acids 397-506) with three putative nucleus localization signals (NLSs) located within the highly charged domain (Fig. 6) . The RRM domain is a 90-amino acid structural module found in a variety of RNA binding proteins, including heterogeneous nuclear ribonucleoproteins, proteins implicated in the regulation of alternative splicing, and protein components of small nuclear ribonucleoproteins (Birney et al., 1993) . Homologues of AtCYP59 are present in the genomes of Paramecium tetraurelia, Figure 7 . a, Multiple sequence alignment of Arabidopsis parvulins. Some members of the parvulin family from other organisms were used for comparison. They were: hPIN1 (human, Q13526), hPar14 (human, AB009690), ScESS1 (yeast, P22696), and EcPar10 (E. coli, P39159). Amino acids of full-length protein were used for the alignment. The sequences were aligned using MegAlign followed by manual refinement. Consensus sequences (threshold 65%) were boxed and similar residues were shaded. Gaps (marked by dashes) were introduced to achieve maximum similarity. The amino acids necessary for rapamycin or FK506 binding as determined for hFKBP12 were marked by asterisks. The a-helix and b-sheets derived from the hFKBP12 were shown. b, Phylogenetic relationships of Arabidopsis parvulin proteins and selected members of parvulin from other organisms. The phylogenic analysis was based on the sequence alignments by ClustalX as described in ''Materials and Methods.'' c, Domain architecture of the Arabidopsis parvulins. The beginning and ending amino acid numbers of each protein are shown at each end of the diagram. Parvulin PPIase domains are represented by white box. The Rhodanese domain of AtPIN3 is shaded and labeled. The chloroplast targeting signal is shown. The numbers above the boxes denote the amino acid positions of the function domains.
Schizosaccharomyces pombe, Caenorhabditis elegans, Drosophila melanogaster, and Homo sapiens. These homologs differ mainly in the C-terminal region (Krzywicka et al., 2001) . For example, the zinc-finger domain is present only in the AtCYP59, but not in the other homologs. The zinc-finger domain is involved in RNA-binding or single strand DNA binding even protein-protein interaction (Matthews and Sunde, 2002) . The AtCYP59 homolog in Paramecium tetraurelia, KIN241, has been shown to be localized in the nucleus and involved in cell morphogenesis, cortical organization, and nuclear reorganization (Krzywicka et al., 2001 ). AtCYP65 is a 595 amino acid long polypeptide with a cyclophilin domain near the C terminus (amino acids 343-498) and a U-box domain near the N terminus (amino acids 38-97). U-box is a modified RING finger domain without the full complement of Zn 21 -binding ligands. The U-box is a highly conserved domain present in some ubiquitin ligases. Ubiquitin ligases determine protein stability by coordinating the addition of polyubiquitin chains to proteins that are targeted to the proteasome for degradation (Hatakeyama and Nakayama, 2003) . There is only one U-box-containing protein, UFD2, in yeast. Two UFD2 homologs and several other U-box domain proteins have been found in humans. Surprisingly, Arabidopsis genome encodes at least 75 proteins with a putative U-box domain (SMART). The plant U-box proteins are categorized into five distinct subclasses, suggesting that they play diverse roles (Azevedo et al., 2001 ). The ARC1 gene from Brassica is required for self-incompatibility and represents the only plant U-box gene with a known function (Stone et al., 1999) .
AtCYP71 contains 631 amino acid residues with its cyclophilin domain located at the C terminus (amino acids 475-631) and three WD-40 repeats near the N terminus (amino acids 66-240; Fig. 6 ). There are 367 WD-40 proteins encoded by the Arabidopsis genome (SMART), but only a few of them have been functionally characterized. WD-40 repeat is a proteinprotein interaction module that consists of about 40 amino acid residues with a central Trp-Asp that are generally present as tandem repeats. The WD-40 repeat domain of a photomorphogenesis repressor, COP1, mediates its interaction with HY5 transcription factor and thereby leads to the targeted degradation of HY5 by the 26S proteasome (Holm et al., 2001) .
AtCYP95 contains 837 amino acids and is the largest immunophilin in Arabidopsis. It has a cyclophilin domain (amino acids 1-174) at the N-terminal end and a highly charged domain (amino acids 317-838) at the C terminus. Seven NLSs were identified in AtCYP95 with four located in the highly charged domain and two outside of it (Fig. 6) , suggesting a possible nuclear localization. The highly charged domain is also rich in Ser-Arg (SR repeats), a feature of many RNA splicing factors (Zahler et al., 1992; Neugebauer et al., 1995) . Matrin cyclophilin, the mammalian homolog of AtCYP95, is shown to associate with the nuclear matrix and splicing factors (Mortillaro and Berezney, 1998) . Another Arabidopsis multiple domain cyclophilin, AtCYP63, has a domain structure similar to AtCYP95. AtCYP63 has a cyclophilin domain (amino acids 1-180), a highly charged, SR-rich domain (amino acids 228-570), and five predicted NLSs. Both AtCYP63 and AtCYP95 may be located in the nucleus and possibly play a role in RNA metabolism. AtCYP57 has two predicted NLSs, an N-terminal cyclophilin domain (amino acids 1-175), and a highly charged C-terminal region. However, the highly charged Figure 8 . Expression patterns of Arabidopsis FKBP genes in different tissues. Semiquantitative RT-PCR was performed with gene specific primers using cDNAs synthesized from RNA samples isolated from different tissues. The tissues used were 3-d dark growing seedling (1), 3-d light growing seedling (2), 2-week seedling (3), leaves (4), caulin leaves (5), stems (6), flowers (7), and roots (8).
domain, unlike those in AtCYP95 and ATCYP63, lacks an obvious SR-rich repeats; instead, it has alternated acidic and basic patches that may be involved in the interaction with the highly charged matrix proteins in the nucleus.
Parvulin Gene Family of Arabidopsis
Three parvulin genes were identified in the Arabidopsis genome and were named AtPIN1, AtPIN2, and AtPIN3, respectively. Sequence alignment (Fig. 7a) showed that AtPIN1 is more similar to the eukaryotic PIN1 type parvulin with 52% and 51% identity to hPIN1 and ScESS1, respectively. AtPIN2 is more similar to hPar14 with 53% sequence identity. As a result, AtPIN1 and AtPIN2 belong to different types and share only 32% identity. AtPIN3 is most similar to the bacterial parvulin EcPar10, with a 39% identity. Indeed, studies have shown that AtPIN1 is functionally equivalent to eukaryotic PIN1 type parvulins that are characterized by specificity to phosphorylated substrates (Ranganathan et al., 1997; Landrieu et al., 2000a) . AtPIN2 may have similar properties with hPar14, as they share a similar PPIase domain and a similar N-terminal domain enriched in basic amino acids (Fig. 7a) . The basic N-terminal domain is responsible for the phosphorylation regulated partition between cytosol and nucleus and its affinity for DNA binding (Reimer et al., 2003) . From the unrooted phylogenetic tree (Fig. 7b) , the three AtPIN parvulins can also be classified into three groups: eukaryotic PIN1 type, hPar14 type, and prokaryotic type.
Among the three parvulins, AtPIN1 is a singledomain protein with only the PPIase domain. AtPIN2 and AtPIN3 are multiple-domain proteins (Fig. 7c) . AtPIN2 has a C-terminal PPIase domain and an N-terminal Lys-rich domain that may have regulatory functions as that in hPar14. AtPIN3 has a PPIase Figure 9 . Expression patterns of Arabidopsis CYP proteins in different tissues. Semiquantitative RT-PCR was performed with gene specific primers using cDNAs synthesized from RNA samples isolated from different tissues. The tissues used were described in Figure 8 . Figure 10 . Light response of the expression level of representative immunophilin genes as determined by semiquantitative RT-PCR. Sixday dark growing seedlings were exposed to light (100 mmol m ÿ2 s ÿ1 ) and tissues were harvested at the indicated time point. RNA isolation and RT-PCR was performed as detailed in ''Materials and Methods.'' domain located in the middle, a putative C-terminal rhodanese domain that may be involved in proteinprotein interaction (Bordo and Bork, 2002) , and a predicted N-terminal chloroplast targeting signal (Fig. 7c) . It was shown recently that another rhodanese domain containing protein (SIR1) is involved in the auxin signal transduction pathway (Zhao et al., 2003) . Parvulin(s) may also participate in auxin action as an inhibitor of parvulin PPIase blocked auxin function in a cell-free system (Dharmasiri et al., 2003) .
Expression Patterns of Plant Immunophilins
The available data from the EST database, cDNA cloning and sequencing, and our reverse transcription (RT)-PCR analysis indicate that all 51 immunophilin genes are expressed in plants (Table I ). The expression patterns of some of the genes are shown in Figure 8 and Figure 9 . Most of the genes are expressed in all tissues studied, including etiolated seedlings, roots, stems, leaves, and flowers. The expression pattern of some of the AtCYP genes were studied by northern blot (Chou and Gasser, 1997) and our RT-PCR results are consistent with these results. One cyclophilin, AtCYP26-1, appeared to be specifically expressed in flowers (Fig. 9) , implicating CYP in further specific functions. As expected, the genes encoding chloroplast immunophilins are mainly expressed in green tissues and are hardly detectable in roots. Like other genes for chloroplast proteins, some genes for chloroplast immunophilins are also expressed in etiolated seedlings, but the transcript levels were much lower as compared to those in the green tissues. The expression levels increased with greening of the eliolated seedlings (Fig. 10) . We speculate that their protein products may accumulate in etiolated seedlings should they be required for chloroplast development. At least in the case of pea TLP40 protein (homologue of AtCYP38), it was shown to accumulate in etiolated seedlings (Fulgosi et al., 1998) .
To examine the expression of immunophilin genes under various growth conditions, we took advantage of the available data on transcriptional profiling (Stanford Microarray Database). Analysis of microarray data in the database indicated that some of the immunophilin genes are regulated by environmental conditions (Table  II) . The most notable is that many genes for the chloroplast immunophilins are regulated by lightinduction with greening process and decrease in the dark, consistent with our RT-PCR analysis in Figure 10 .
In summary, studies in both animal and plant systems have revealed a diverse array of functions for individual immunophilin members. Such functions can be a result of their protein foldase activity, chaperone activity, scaffolding activity, and other unknown activities. A very clear distinction between immunophilins and other types of protein foldases and molecular chaperones is that each member of immunophilin family appears to have specific targets and function in the cell. This is consistent with the fact that the sequence and the structure of immunophilins are rather divergent although a conserved core for drug-binding is present in all members. The specific sequence motif in each member may present the structural basis for interacting with specific targets. Another general rule for immunophilin function is their association with super-molecular complexes in both animal and plant cells. We speculate that each immunophilin member may function in the maintenance of these complexes.
MATERIAL AND METHODS

Plant Materials and RNA Analysis
Arabidopsis (Columbia-0) plants were grown in the soil with a 16 h light/ 8 h dark cycle at 228C in the greenhouse conditions. For RNA extraction, different parts of the plant (rosette leaves, caulin leaves, stems, flowers, and roots) were collected and frozen in liquid nitrogen. For plants growing on The expression data were retrieved from Stanford Microarray Database (http://genome-www5.stanford.edu/MicroArray/SMD/). Experiment ID was specified in the database. Detail of the experiment treatments can be found in the database under the same Experiment ID and the fold changes of the gene expression level upon treatment are indicated. 1, Up-regulation; ÿ, down-regulation. Transcriptase (Gibco-BRL) in a 20-mL reaction and the resulting cDNA was used as templates in 20 mL of PCR reaction (4 min 948C; 28 to 32 cycles at 1 min 948C, 1 min 528C, and 1 min 728C) using gene specific primers. The gene specific primers used for AtFKBPs are as follows: AtFKBP12, 59-ctcgagctctagacatgggtgtggagaagcaag-39 and 59-tcaagatctctgcacgctcagtacttcg-39; AtFKBP13, 59-cggatccatggaaacaacttcttgtgaa-39 and 59-gagctcgagtcaagctttacctatgtac-39; AtFKBP15-1, 59-agatctagacaccatgatgagctctggatccgcc-39 and 59-tcaggatccaagctcattctttgatttcg-39; AtFKBP15-2, 59-gagctcgctagccatggcgagcaagatgagtc-39 and 59-tctggatcctagctcgtcatttcc-39; AtFKBP15-3, 59-gagctcgctagccatgtccccatctgaatctg-39 and 59-tcaggatcctttaacattaagcagctc-39; AtFKBP16-1, 59-gctctagaccagatgaaggaacctgaagtgatc-39 and 59-gcgggatcctaatactttcaagagctggat-39; AtFKBP16-2, 59-agtactagtaatgacgaggattgactactac-39 and 59-ccgctcgagtcatcttgtattacttcctg-39; AtFKBP16-3, 59-agatctagatgctggtttacctccagaag-39 and 59-ccgctcgagtcactcttcctctgaatcgag-39; AtFKBP16-4, 59-agcgctagccatggtaagcaccagaagaagag-39and 59-ccgctcgagtcaggatccgccttcaactatcttcactg-39; AtFKBP17-1, 59-ctcgagctctagagatgaagactaaatcaaagagtcc-39 and 59-tcaggatccttaactgcttgtgacatctg-39; AtFKBP17-2, 59-agatctagagcagatcaagactcg-39 and 59-ccgctcgagctcaggatccagctggtgcaattgagactc-39; AtFKBP17-3, 59-gaagatctagaaatggcgactctcttcactg-39 and 59-tcaggatcctacaatagtttggaaaca-39; AtFKBP18, 59-agatctagaatcttccgaagctagagag-39 and 59-gactagtcgactaggatccccttctcttctggtggagga-39; AtFKBP19, 59-gctctagagtctcaatttgctgacatgc-39and 59-ctcgagctctagatctattgggtacaattttgagg-39; AtFKBP20-1, 59-gagctcgctagccatgggtgatgcaatcgatttg-39 and 59-tcaggatcctttagctttgcctttgc-39; AtFKBP20-2, 59-agatctagatatgtcttccgtcgtctcctcc-39 and 59-ccgctcgagctcaggatcctcggtgaaggcgtctggtgctgacaagt-39; AtFKBP42, 59-agatctagacaccatggatgaatctctggagcatc-39 and 59-ttaggatccatctgctttaactctgtggcgtcg-39; AtFKBP43, 59-agatctagacaccatggagaaaggtagcagttatg-39 and 59-gacctcgtaacccttgaaggcagaggac-39; AtFKBP53, 59-agatctagacatgggattctggggacttgaag-39 and 59-cttcatcatgctcataatcatcttcatc-39; AtFKBP62, 59-agatctagaagccatggatgctaatttcgag-39 and 59-cccatatgctagctccgcaggtatagtg-39; AtFKBP65, 59-agcgctagccatggaagacgatttcgacac-39and 59-cccaagtcccatcctttaatgacatgtc-39; and AtFKBP72, 59-ggactagtcaccatggcggtaggcgatcagacgga-39 and 59-tcaggatcctgtaaatttggcgctcacaaactg-39.
The gene specific primers used for AtCYP are as follows: AtCYP18-1, 59-gagctcgctagccatggtgagtcgtttgtcc-39 and 59-tcaggatccaccagcaagtggattggc-39; AtCYP18-2, 59-gagctctagacatgtcggcaagacctcaag-39 and 59-tcaagatctatcgatcactttggtccttag-39; AtCYP18-3, 59-agcgctagccatggcgttccctaaggtatac-39 and 59-tcaagatctagagagctgaccacaatcg-39; AtCYP18-4, 59-gagctctagacatgtcgaaccctagagttttc-39 and 59-tcaggatccagaaaagctgaccacaatc-39; AtCYP19-1, 59-gagctcgctagccatggcaacaaaccctaaag-39 and 59-tcaggatccagaaatctgaccacaatc-39; AtCYP19-2, 59-agcgctagccatggcgtcgcatcctaaag-39 and 59-tcaggatccagaagagatctcaccacaatc-39; AtCYP19-3, 59-agcgctagccatggcgaatcctaaagtc-39 and 59-tcaggatcctgaacttgggttcttgagc-39; AtCYP19-4, 59-gagctcgctagccatggcgaaagcaagctttattc-39 and 59-tcaggatccgagaggaagttctccactgtc-39; AtCYP20-1, 59-gctagccatggcgagctcagtgacg-39 and 59-tcaggatcccaggggaaggctcaccactg-39; AtCYP20-2, 59-agatctagaaatggttactgaaccgcaatcg-39 and 59-tcagagctcgagttaagcttcagacattgg-39; AtCYP20-3, 59-agatctagacatggcttcttcgtcttctatg-39 and 59-gcgggatccagcatctaacgggagctctcc-39; AtCYP21-1, 59-gagctctagacatgcgtagagagatctcg-39 and 59-tcaggatcctctctcttcatcccatttgtc-39; AtCYP21-2, 59-gagctctagacatgggaatcacgagaaacttg-39 and 59-tcaggatcccgggaagcacttcattctctgtctttc-39; AtCYP21-3, 59-gagctcgctagccatggcgaagatcaaacctcaag-39 and 59-tcaggatcccatgtcttgaagcaaagtg-39; AtCYP21-4, 59-ggactagtaatgagtcagagatttgaggac-39 and 59-tcagagctcgagtcatgtctctagtttcag-39; AtCYP22, 59-tctagacatgaattcaggaggtgga-39 and 59-tcaggatcccatctccccacactcagta-39;
At C Y P2 6-1, 5 9-agatctagacatggctaaccctaaagttttc-39 and 59-tcaggatccaacgaaccaagaccaaaaac-39; AtCYP26-2, 59-agatctagatacaattgctaaccct-39 and 59-tcaggatcctagagtttgtgactcgatcaaacc-39; AtCYP28, 59-gctctagaaatgtccgcgacactctcctcc-39 and 59-ctaggatccaggcaaagttggagagag-39; AtCYP37, 59-ctcgagctctagacatggttctttcatctccggacac-39 and 59-gacgtcgactaggatccagtggattcgttgatgttg-39; AtCYP38, 59-agtactagtggcgaatccagtgattc-39 and 59-ccgctcgagctcaggatccaccggcgattttgtaactc-39; AtCYP40, 59-gagctcgctagccatgggtaggtcaaagtgtttc-39 and 59-tcaggatcctacgaacattttgcggtac-39; AtCYP57, 59-gagctcgctagccatgtcagtctctattgtgac-39 and 59-tctctccaccactggccattgcaacag-39; AtCYP59, 59-agatctagacatgtcgacggtgtacgtgct-39 and 59-gagctcgcattagccatggcaacaatc-39; AtCYP63, 59-agatctagacatgactaaaaagaagaatcc-39 and 59-ccattgaaaggactccagctccatcatg-39; AtCYP65, 59-agatctagacatggggaagaaacaacacag-39 and 59-ttcagtgaagactttgtttagaacaggac-39; AtCYP71, 59-gagctctagacatggaggaagaatctaagaa-39 and 59-gagctctagacatggaggaagaatctaagaa-39; and AtCYP95, 59-agatctagacatggcaaaaaagaagaatccac-39 and 59-ttcagtgaagactttgtttagaacaggac-39. A total of 10 mL of PCR samples was separated by agarose gel electrophoresis and visualized with ethidium bromide staining. Primers used for the amplification were listed in Table II . The expression of an actin gene was used as an internal control for determining the RT-PCR amplification efficiency among different reactions. The RT-PCR reactions were repeated three times and representative results from one experiment were shown.
Sequence Analysis
Genes for the two families of immunophilins and parvulins were identified by sequence comparison of previously identified FKBPs, CYPs, and parvulins with entries in the public databases at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) and the Arabidopsis Information Resource (http://www.arabidopsis.org/Blast/). The MEGALIGN (DNASTAR) was used to produce multi-alignments and to determine the homology scores. To produce the phylogenetic trees, ClustalX was used for the alignment of the PPIase domain sequences. Neighbor-joining method was used for tree reconstruction and confirmation of the tree topology by boostrap analysis (1,000 replicates) was done by ClustalX using default settings. The trees were drawn by Treeview (http://taxonomy.zoology.gla.ac.uk/rod/ treeview.html).
To search for functional domains within the immunophilin and parvulin protein sequences, SMART (http://smart.embl-heidelberg.de/) and PROSITE (http://us.expasy.org/tools/scanprosite/) were used.
Chromosome mapping of the immunophilin and parvulin genes was performed by Chromosome Map Tool (http://www.arabidopsis.org/jsp/ ChromosomeMap/tool.jsp) and redrawn by Canvas 5. The protein targeting signal and subcellular location of the immunophilins and parvulins were predicted by several programs available in the World Wide Web-based resources including PSORT (http://psort.ims.u-tokyo.ac.jp/), TargetP (http:// www.cbs.dtu.dk/services/TargetP/), SignalP (http://www.cbs.dtu.dk/services/SignalP/), and ChloroP (http://www.cbs.dtu.dk/services/ChloroP/) for cross confirmation. The M r and PI of the full-length proteins and predicted mature forms were calculated by a program from website (http:// www.up.univ-mrs.fr/wabim/d_abim/compo-p.html). The microarray data of the selected gene expression were retrieved from SDM database (http:// genome-www5.stanford.edu) and analyzed manually. 
